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amplitude  loading.  The  specimens,  cut  from  sheets  of  7075-T6  aluminium  alloy, 
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data  on  sheet  specimens  was  used  to  assess  the  reliability  of  prediction 
methods  such  as  those  devised  by  Wheeler  and  Willenborg,  and  the  stiffened 
panels  test  data  to  establish  how  these  methods  work  in  the  case  of  built-up 
structures. 

The  results  presented  in  this  paper,  especially  those  concerning  the  spectrum 
tests  on  stiffened  panels,  are  still  preliminary,  but  significant  in  as  far 
as  they  allow  us  to  assess  the  reliability  of  crack  grow  prediction  methods 
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growth  in  built-up  structures. 

The  program  of  further  tests,  planned  for  the  third  year,  has  been  drawn  up 
with  a  view  to  the  quantitative  assessment  of  the  complex  phenomenon  described 
above. 
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SUMMARY 

Research  aimed  at  developing  reliable  methods  for  pre¬ 
dicting  the  growth  of  a  crack  in  built-up  aircraft  struc¬ 
tures  under  realistic  load  conditions  is  currently  being 
carried  out  at  the  Institute  of  Aeronautics  of  the  Univer 
sity  of  Pisa  under  a  three-year  research  contract  DA  ERO- 
78-G-107. 

This  paper  presents  the  results  obtained  in  the  course 
of  the  second  year  during  which,  altogether ,  33  specimens 
were  tested  both  at  constant  and  variable  amplitude  loading. 
The  specimens ,  cut  from  sheets  of  707S-T6  aluminium  alloy, 
coming  from  the  same  batch, were  both  simple  sheets  and  riv_ 
eted  stiffened  panels. 

The  constant  amplitude  tests  on  simple  sheet  specimens 
were  carried  out  in  order  to  obtain  the  average  K-rate  rela 
tionship  and  the  relevant  scatter  of  the  batch  of  sheets. 

The  constant  amplitude  tests  on  stiffened  panel  were  aimed 
at  obtaining  information  on  rivet  flexibility  and  friction 
forces. 

Variable  amplitude  tests  were  performed  utilizing  the 
FALSTAFF  spectrum .  The  data  on  sheet  specimens  was  used  to 
assess  the  reliability  of  prediction  methods  such  as  those 
devised  by  Wheeler  and  Willenborg,  and  the  stiffened  panels 
test  data  to  establish  how  these  methods  work  in  the  case 
of  built-up  structures . 

The  results  presented  in  this  paper,  especially  those 
concerning  the  spectrum  tests  on  stiffened  panels,  are  still 
preliminary,  but  significant  in  as  far  as  they  allow  us  to 
assess  the  reliability  of  crack  growth  prediction  methods  and 
to  obtain  a  qualitative  but  deep  insight  into  the  phenomenon 
of  crack  growth  in  built-up  structures. 

The  program  of  further  tests,  planned  for  the  third  year, 
has  been  drawn  up  with  a  view  to  the  quantitative  assessment 
of  the  complex  phenomenon  described  above. 
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1  -  INTRODUCTION 

This  paper  presents  the  second  year's  results  of  an  inves¬ 
tigation  carried  out  at  the  Institute  of  Aeronautics,  Pisa 
University,  under  contract  DA  ER0-78-G- 1 07 . 

The  objective  of  this  investigation  is  the  development  of 
a  reliable  procedure  for  evaluating  the  growth  of  a  crack  in 
a  built-up  structure  under  loading  conditions  representative 
of  the  operational  enviroment. 

The  need  for  investigation  into  crack  growth  in  riveted 
built-up  structures  under  variable  amplitude  loading  springs 
from  two  main  causes,  namely  the  uncertainty  surrounding  the 
computational  methods  of  the  stress  intensity  factor  and  the 
complexity  of  the  crack  growth  interaction  effects  caused  by 
load  amplitude  variations. 

The  difficulty  of  obtaining  accurate  values  of  the  stress 
intensity  factor  must  be  ascribed  mainly  to  the  uncertainty 
surrounding  the  idealization  of  the  forces  acting  between  the 
stringers  and  the  sheet  cover. 

As  far  as  the  second  cause  is  concerned,  certain  important 
pred i cti on  methods  which  take  interaction  effects  into  ac¬ 
count  in  evaluating  crack  growth  per  cycle,  are  currently 
available. 

All  these  methods  are  essentially  empiric  and  derive  ‘•heir 
experimental  substantiation  mainly  from  tests  performed  on 
sheet  specimens.  Therefore,  to  increase  confidence  in  these 
methods  it  is  necessary  to  resort  to  data  drawn  from  tests 
performed  on  specimens  representative  of  airplane  structures 
under  realistic  loading  conditions. 

As  a  consequence  of  the  above,  the  possibility  of  reaching 
the  objective  already  mentioned  i.e.  of  developing  reliable 
crack  growth  prediction  methods,  depends  on  the  solution  of 
the  two  following  problems: 
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-  the  development  of  a  reliable  method  to  assess  the  junction 
forces  in  a  given  built-up  structure,  and 

-  the  evaluation  of  the  accuracy  of  the  existing  methods  for 
predicting  crack  growth  under  variable  amplitude  loading  on 
the  basis  of  test  data  drawn  from  built-up  specimens. 

During  ,e  first  year's  research,  great  emphasis  was  laid 
on  the  problem  of  describing  the  junction  forces  by  means  of 
such  quantities  as  fastener  flexibility  and  the  friction 
forces  between  the  stiffener  and  the  sheet  faying  surfaces. 

At  the  same  time,  a  systematic  effort  was  made  to  evaluate 
the  reliability  of  existing  prediction  methods  for  crack 
growth  under  variable  amplitude  loading  as  a  preliminary  and 
essential  step  towards  reaching  the  main  objective. 

In  particular  the  results  presented  in  the  first  Annual  Re¬ 
port,/!/,  concern  the  folk-’  i  ng  principal  topics: 

-  development  and  implementation  of  a  rationale  for  obtaining 
information  on  fastener  flexibility  and  friction  forces 
from  constant  amplitude  crack  growth  data  in  stiffened  pan¬ 
el  s 

-  data  on  rivet  flexibility  and  friction  forces 

-  development  and  implementation  of  a  rationale  for  evaluating 
the  reliability  of  existing  prediction  methods  (Willenborg, 
Wheeler,  Bell-Eidinoff)  with  regard  to  crack  growth  under  va 
riable  amplitude  loading 

-  data  on  the  reliability  of  such  methods. 

In  the  second  year  we  turned  our  attention  to  the  problem 
of  crack  growth  under  variable  amplitude  loading  in  built-up 
structures . 

To  this  end  we  performed  a  set  of  crack  propagation  tests 
both  at  constant  and  variable  amplitudes  utilizing  both  simple 
sheets  and  stiffened  panels  as  specimens. 
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These  specimens  were  made  of  7075-T6  aluminum  alloy  drawn 
from  the  same  stock  of  sheets.  The  standardized  load  sequence 
FALSTAFF  was  used  for  variable  amplitude  tests. 

All  the  data  from  the  simple  sheet  tests,  as  well  as  the 
data  from  constant  amplitude  tests  in  stiffened  panels,  was 
treated  with  the  methods  previously  developed  and  already 
outl i ned  i n  Ref . 1 . 

All  these  tests  are  ancillary  with  respect  to  the  varia¬ 
ble  amplitude  tests  in  stiffened  panels  which  are  directly 
related  to  the  main  objective  of  the  investigation. 

They  are,  nevertheless,  strictly  necessary  since  their  re¬ 
sults  in  terms  of  average  crack  growth  data,  rivet  flexibility 
and  the  "best"  interactive  prediction  method  are  fundamental 
if  we  are  to  obtain  a  meaningful  evaluation  of  crack  growth 
in  stiffened  panel  to  compare  with  the  test  data. 

At  the  same  time,  these  tests  are  important  in  themselves 
as  they  make  a  usefu 1  contribution  to  knowledge  on  the  problem 
of  crack  propagation  in  aircraft  structures. 

As  far  as  the  variable  amplitude  tests  in  stiffened  panels 
are  concerned,  only  a  limited  number  of  results  have  been  ob¬ 
tained  during  the  present  year. 

Such  results  are  nevertheless  meaningful  as  they  enable  us 
to  successfully  check  a  methodology  for  interpreting  test  data, 
to  obtain  a  significant  initial  insight  into  the  phenomenon 
and  to  acquire  the  basis  necessary  for  drawing  up  a  conclusive 
third  year's  research  program. 

The  main  results  obtained  during  this  research  will  be  out¬ 
lined  in  the  following  sections. 
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2  -  TEST  PROGRAM  AND  OBJECTIVES 

To  reach  the  objectives  of  the  second  year's  research  pro¬ 
gram  a  rational  sequence  of  tests  was  devised. 

Two  types  of  specimens  were  selected,  namely  simple  sheets 
and  riveted  stiffened  panels.  Both  types  of  specimens  were 
prepeared  utilizing  the  aluminum  alloy  7075-T6  cut  from  the 
same  stock  of  sheets.  Certain  of  these  specimens  were  tested 
at  constant  amplitude  loading,  the  others  at  variable  ampli¬ 
tude  loading  on  the  basis  of  the  FALSTAFF  sequence. 

Tabs  la  to  Id  show  the  geometric  shape  and  dimensions  of 
the  specimens  together  with  initial  crack  lengths  and  the 
relevant  load  conditions. 

The  tables  give  the  maximum  stress  and  the  stress  ratio 
for  constant  amplitude  tests;  in  the  case  of  variable  ampli¬ 
tude  loading,  the  maximum  stress  in  the  spectrum  is  given. 

All  the  stiffened  panels  were  fastened  with  countersunk 
head  rivets.  The  rivets  were  hand  riveted  by  a  skilled  operator  in 
such  a  way  that  the  driven  head  had  a  diameter  approximately 
equal  to  1.4^1. 5  the  shank  diameter. 

Altogether  33  specimens  were  tested,  of  which  18  under  va¬ 
riable  amplitude  loading. 

The  test  program  was  completed  by  static  tests  to  obtain 
the  o-e  relationship  and  the  Kc  with  a  view  to  a  better 
characterization  of  the  material  used  to  construct  the  spec¬ 
imens  . 

The  specimens  for  this  last  type  of  test,  whose  dimensions 
are  shown  in  Tabs  2a  and  2b,  were  cut  from  the  specimens  util¬ 
ized  for  the  crack  propagation  tests  after  the  completion  of 
the  tests. 

These  different  types  of  tests  were  devised  to  obtain  all 
the  significant  information  necessary  to  interpret  the  data 
obtained  by  testing  stiffened  panels  under  the  FALSTAFF  se- 
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quence . 

In  particular,  the  constant  amplitude  loading  test  on 
simple  sheets  were  devised  to  obtain  average  crack  growth 
data  and  the  relevant  scatter  for  the  material  ,  namely 
sheets  of  7075-T6  aluminum  alloys  with  1.27  mm  of  thickness. 

The  spectrum  loading  tests  on  simple  sheets  were  planned 
to  obtain  a  comparison  between  different  methods  suitable 
for  predicting  the  crack  growth  under  variable  amplitude 
1 oadi ng . 

The  methods  considered  in  the  present  investigation  are 
those  already  assessed  in  the  course  of  the  first  year's  ac¬ 
tivity,  /!/,  namely 

-  non  interactive 

-  Willenborg  and 

-  Wheeler  for  different  values  of  the  plastic  zone  constant. 

The  purpose  of  the  comparison  is  to  select  a  sufficiently 
accurate  method  to  be  used  in  the  evaluation  of  crack  growth 
data  in  stiffened  panels  under  spectrum  loading. 

The  constant  amplitude  tests  on  stiffened  panels  was  de¬ 
vised  to  obtain  a  quantitative  assessment  of  fastener  flexi¬ 
bility  and  friction  forces,  together  with  the  "best"  average 
AK-rate  relationship  and  the  relevant  scatter.  Such  test  data 
is  also  useful  for  assessing  the  actual  influence  of  the  fric¬ 
tion  forces  on  crack  growth  and  to  evaluate  the  accuracy  of 
simplified  prediction  methods  which  allow  for  the  friction 
forces  only  by  means  of  an  equivalent  fastener  flexibility. 

The  results  of  all  tests  previously  outlined, besides 
being  significant  in  themselves,  give  us  the  necessary  back¬ 
ground  for  adequately  interpreting  the  crack  growth  data  ob¬ 
tained  from  variable  amplitude  tests  on  stiffened  panels. This 
last  type  of  test,  which  is  the  most  significant  as  far  as 
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the  objectives  of  the  present  investigation  are  concerned, 
was  carried  out  only  to  limited  extent  in  the  course  of 
this  second  year's  activity. 

These  tests  were  mainly  planned  in  order  to  obtain  an 
initial  but  nevertheless  penetrating  insight  into  the  com¬ 
plex  phenomenon  of  crack  growth  in  built-up  structures,  to 
check  the  accuracy  of  the  prediction  method  we  had  developed 
and  to  create  the  background  for  a  rational  planning  of  the 
third  year's  test  activity. 

3  -  TEST  PROCEDURE  AND  DATA  EVALUATION 

All  the  specimens  were  tested  in  a  load  apparatus  ,al ready 
described  in  / 1 / ,  which  essentially  is  composed  of  a  rig, 
plates  for  specimen  cl  amp i ng,  a  servocontrolled  hydrau 1 i c 
actuator,  capable  of  +  250  KN  and  fed  by  an  electrical  signal 
which  in  spectrum  tests  is  generated  by  a  POP  11/34  computer, 
and  an  optical  device  to  read  the  crack  length  with  an  accura¬ 
cy  of  0.1  mm. 

All  the  test  data  was  recorded  in  the  form  of  the  crack 
length  versus  the  number  of  cycles  or  the  number  of  flights, 
whichever  was  appropriate. 

All  this  data  was  then  treated  following  the  methodologies 
presented  in  Ref . 1  . 

In  particular,  the  a-n  data  of  the  sheet  specimens  was  pro¬ 
cessed  utilizing  the  SKESA  computer  program  on  the  basis  of 
the  rationale  given  in  Fig.  12  of  Ref.l  ,  in  order  to  obtain 
the  constants  which  define  the  semi -empi r i ca 1  laws  of  crack 
propagation  (Pari s-Wal ker  and  Forman,  typically)  and  the  scat¬ 
ter  in  crack  length  prediction. 

The  data  from  sheet-specimens  tested  under  the  FALSTAFF 
spectrum  was  treated,  utilizing  initially  the  CADAV  computer 
program,  Ref.l,  which  computes  the  numbers  of  flights  neces- 
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sary  to  reach  a  given  crack  length  on  the  basis  of  the  fol¬ 
lowing  methods:  non- i nterac t i ve  ,  Willenborg  method 
and  Wheeler  for  different  values  of  the  plastic  zone 
parameter,  m. 

The  predictions  of  the  different  methods  are  then  com¬ 
pared  on  a  statistical  basis,  Ref.l,  with  the  test  data  in 
order  to  find  the  best  method,  namely  the  one  which  agrees 
on  average  with  the  experimental  results  in  terms  of  a 
versus  N  or  a  versus  F. 

The  experimental  data  a-n  derived  from  testing  stiffened 
panels  under  constant  amplitude  loading  are  processed  to  ob¬ 
tain  the  following  results 

-  rivet  flexibility 

-  friction  forces 

-  da/dn  versus  AK . 

As  far  as  the  first  two  quantities  are  concerned,  the 
optimization  procedure  outlined  in  Ref.l,  based  on  the  SKESA 
computer  programme,  which  fits  the  test  data  with  a  Paris  or 
Forman  law, is  carried  out. The  values  of  flexibility  and  fric¬ 
tion  are  systematically  varied  and  their  best  values  are  se¬ 
lected  as  those  which  minimize  the  standard  deviation  between 
the  test  data  and  each  best  fit  relevant  to  the  different 
couples  of  values  of f ] ex i b i 1 i ty  and  friction  force. 

Once  the  best  values  have  been  determined,  the  da/dn 
versus  AK  is  then  obtained. 

Lastly,  the  variable  amplitude  loading  test  data  relevant 
to  the  stiffened  panels  is  processed  on  the  basis  of  the 
following  procedure: 

-  computation  of  the  stress  intensity  factor  utilizing  the 
best  values  of  the  flexibility  and  friction  forces  as  de¬ 
duced  from  constant  amplitude  tests 

-  computation  of  cycle  by  cycle  growth  due  to  a  FALSTAFF 
load  sequence  utilizing  the  Wheeler  method  with  appropriate 
value  of  the  plastic  zone  constant,  deduced  from  sheet 
tests.  This  computation  is  carried  out  utilizing  the  da/dn- 
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AK  relationship  relevant  to  the  stiffened  panels  since 
it  was  found  to  be  different  from  the  one  obtained  with 
simple  sheet 

-  comparisonof  computed  and  experimental  data. 

4  -  ANALYSIS  OF  RESULTS 

All  the  experimental  results  are  given  in  tabs  3,4,5, 
and  6,  in  terms  of  a-N  or  a-F  in  relation  to  the  type  of 
test  carried  out. 

All  this  data  has  been  treated  on  the  basis  of  the  pro¬ 
cedures  outlined  in  the  previous  section. 

The  main  results  of  this  treatment  will  be  presented  in 
the  following  sections. 

4.1  -  SIMPLE  SHEET-CONSTANT  AMPLITUDE  TESTS 

The  data  in  Tab.  3  was  processed  in  order  to  obtain  the 
usual  AK-rate  relationship. 

Fig.l  presents  such  a  relationship  in  the  form  of  Forman's 
law,  whereas  Fig.  2  is  relevant  to  the  Paris-Walker  law. Irre¬ 
spective  of  what  kind  a  law  is  used,  the  data  is  likely  to 
belong  to  two  different  scatter  bands,  one  being  the  A  band 
characterized  by  a  higher  rate,  the  other,  the  B  band, char¬ 
acterized  by  a  lower  rate. 

Because  of  these  different  sorts  behaviour,  it  was  decided 
to  evaluate  the  constants  of  the  propagation  laws  separately 
for  each  scatter  band.  These  results  are  shown  in  Fig.  3a, 
and  3b  for  the  Forman  law  and  in  Fig.  4a  and  4b  for  the  Paris- 
Walker  law. 

Because  of  these  results  it  was  decided  to  check  the  static 
strength  and  the  toughness  of  the  material  used  for  the  spec¬ 
imens  tested.  To  this  end  the  specimens  in  Tab.  2  have  been 
tested,  producing  the  results  given  in  Appendix  1. 
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These  tests  show  that  the  material  has  fairly  uniform 
characteristics  in  terms  of  ay,t>R  and  Kc  so  that  the  two 
kinds  of  behaviour  cannot  be  explained  on  the  basis  of 
different  material  static  characteristics. 

So  at  present  no  rational  explanation  of  the  phenome¬ 
non  can  be  formulated  even  if  all  the  data  in  Fig.  1 
falls  well  within  the  typical  scatter  band  reported  in 
the  1 i tera ture  ,/ 2/ ,  for  this  material. 

Fig.  5a  and  5b  are  relevant  to  the  scatter  of  crack 
growth  predictions,  in  terms  of  the  number  of  cycles 
necessary  to  reach  a  given  crack  length. 

NC,A  is  the  number  of  cycles  computed  with  the  best 
fit  of  the  A  band,  and  Nc,b  the  same  quantity  relevant 
the  B  band,Nex  is  the  experimental  data.  Fig.  5c  shows 
the  same  type  of  probability  plot  where  Nc  is  calculated 

or  with  A  or  with  B  best  fit,  whichever  is  appropriate. 

N  p  x 

This  last  plot  shows  that  Lg  conforms  to  normal 
low-scatter  distribution  when  Nc  is  computed  with  the 
appropriate  scatter  band  best-fit. 

Lastly,  Fig.  5d  shows  the  scatter  of  the  prediction 
when  all  the  data  in  Fig.l  is  considered  to  belong  to 
the  same  population. 

The  comparison  of  Fig. 5c  and  5d  shows  how  the  scatter 
of  prediction  can  be  affected  by  the  constants  selected 
for  the  propagation  law. 

1],  2  -  SIMPLE  SHEET-VARIABLE  AMPLITUDE  TESTS 

Variable  amplitude  loading  tests  were  carried  out  by 
applying  a  FALSTAFF  spectrum  to  sheet  specimens  equal  to 
those  used  in  constant  amplitude  tests  Tab.  4.  Two  groups 
of  tests  have  been  performed;  the  first  group,  which  com¬ 
prises  six  specimens,  is  characteri zed  by  a  maximum  stress 


in  the  spectrum  of  24  Kg/mm2;  the  second  group,  also  of  six 
specimens,  by  a  maximum  stress  equal  to  20  Kg/mm2. 

Plots  of  a  versus  F  are  shown  in  figs  6a  and  6b. 

The  different  curves  in  fig. 6a  agree  fairly  well  the  one 
with  the  other. 

On  the  contrary,  the  data  of  fig.  6b  looks  widely  scat¬ 
tered  . 

Closer  examination  of  this  last  set  of  data  shows  that 
this  data  can  be  considered  as  belonging  to  two  different 
groups,  namely  groups  A  and  B  already  found  in  simple  sheet- 
constant  amplitude  dav.t. 

To  verify  this  Hypothesis,  the  data  relevant  to  curves 
8,11,12  was  processes  with  the  CAOAV  computer  program  util¬ 
izing  the  Forman  law  with  the  constants  pertaining  to  scat¬ 
ter  band  A,  whereas  the  data  of  curves  7,9,10  was  processed 
with  the  constants  ofscatter  band  B. 


The  results  of  this  analysis,  given  in  Fig.  7  where  the 
experimental  results  are  compared  with  the  prediction  data, 
seem  to  indicate  that  such  hypothesis  may  explain  the  scat¬ 
ter  in  Fig.  6b . 

Fig.  8a  is  the  usual  plot  of  the  cumulative  probability 

F  ex 

distribution  of  the  random  variable  Log  p-—  where  Fc  was 
computed,  for  each  of  the  methods  shown,  utilizing  the  con¬ 
stants  of  the  Forman  law  which  are  appropriate  to  the  groups 
(A  or  B)  Fex  belongs  to. 

Fig. 8b  gives  the  same  plot  for  the  specimens  in  Fig.  6a. 

The  scatter  of  this  data  is  lower  than  that  in  Fig.  8a, 
but  still  of  the  same  order  as  is  clearly  seen  from  a  com¬ 
parison  of  the  standard  deviations. 

Fig.  8c  gives  the  cumulative  probability  distribution  for 


all  the  data  (20  and  24  Kg/mm2 
The  random  variable  Log 


)• 

still  conforms  to  normal  dis 


tribution  with  standard  deviation  higher  than,  but  still 
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comparable  with  the  values  shown  in  Figs  8a  and  8b.  The 
results  shown  in  the  last  three  figures  are  based  on  the 
methods  of  Willenborg  and  Wheeler  alone.  The  results  rel¬ 
evant  to  the  non- i nterac ti ve  and  Bell  methods  have  been 
deleted.  The  first  always  gives  too  conservative  results 
with  this  type  of  spectrum,/!/,  whereas  the  second  meth¬ 
od  was  found  to  be  unaccurate  due  to  uncertainty  affec¬ 
ting  the  constants  characterizing  the  effects  of  inter¬ 
action  in  the  material  used  in  the  present  investigation. 

i|. 3  -  CONSTANT  AMPLITUDE-STIFFENED  PANEL  TESTS 

Five  stiffened  panels  out  of  eleven  were  tested  at  con¬ 
stant  amplitude  loading  to  obtain  the  necessary  informa¬ 
tion  on  rivet  flexibility  and  friction  forces. 

Such  quantities  were  evaluated  following  the  procedure 

discussed  in  Ref.l  and  outlined  in  section  3. 

t  °  1 

Fig.  9  shows  the  flexibility  ratio  '  as  a  function 
of  the  Fischer  variable  obtained  regardless  of  the  effect 
of  friction  forces. 

The  best  assessment  of  £  ,  namely  its  most  probable  val¬ 
ue, falls  for  the  different  panels  within  a  very  small  range, 
and  assumes  the  value  C  =  0.10  when  all  the  data  is 

considered  to  belong  to  the  same  population. 

This  very  low  scatter  in  the  ?  values  may  be  ascribed  to 
the  riveting  techniques  which  guaranteed  close  tolerance  on 
the  diameter  of  the  driven  head.  On  the  contrary,  the  stiff¬ 
ened  panels  used  in  the  tests  reported  in  Ref.  1  were  riveted 
by  different  operators  without  a  specification  as  far  as  driv¬ 
en  head  diameter  was  concerned. 


(°)  £  is  the  ratio  of  the  actual  flexibility  and  the  flexi¬ 
bility  as  computed  according  to  Swift's  formula  given  in 
Ref.l. 
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This  state  of  affairs  must  probably  be  considered  the 
main  cause  of  the  larger  dispersion  in  £  reported  in  Ref.l. 

The  next  step  was  the  evaluation  cf  the  influence  of 
friction.  The  results  are  shown  in  Fig.lOwhere  Fq^ja  is  plot¬ 
ted  against  £  for  different  values  of  n  ,  namely  the  ratio 
between  the  resultant  friction  force  within  a  rivet  spacing, 
acting  halfspacing,  and  a  reference  axial  force  in  the  rivet 
corresponding  to  the  yielding  stress. 

A  best  value  of  n  very  close  to  0.15  is  found  without  any 
significant  scatter. 

Figs  11  compare  the  AK-rate  relationship  in  the  two  cases 
of  the  best  flexibility  without  friction  and  the  best  flexi¬ 
bility  with  the  best  friction.  The  differences  between  the  two 
best  fit  lines  are  very  small  ;so  the  accuracy  of  crack  length 
predictions  can  seldom  be  impaired  if  friction  forces  are  dis¬ 
regarded,  at  least,  with  the  present  results. 

This  statement  is  supported  by  the  data  in  Fig.  12  which 
gives  the  cumulative  probability  distribution  in  the  first  case. 

This  result  is  worth  pointing  out  because  of  the  extreme 
simplification  in  the  analysis  that  is  obtained  disregarding 
friction. 

One  puzzling  result  emerging  from  a  comparison  of  Fig.l 
and  Fig.  11  is  the  significant  difference  between  the  best-fit 
lines  in  the  two  cases  of  the  stiffened  panels  and  the  simple 
sheets . 

To  check  that  this  difference  does  not  stem  from  the  meth¬ 
od  we  devised  to  evaluate  the  flexibility  and  friction  forces, 
we  also  tackled  the  problem  from  another  point  of  view. 

The  number  of  cycles  necessary  to  reach  a  given  crack  length 
was  computed  utilizing  the  A-type  AK-rate  relationship  of  sheet 
specimens,  and  different  values  of  the  flexibility  ratio  £.Then, 
utilizing  the  usual  probabilistic  approach,  the  curves  in  Fig. 13 
were  plotted.  The  best  value  of  £  was  selected,  the  best  being 
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Nex 

that  which  assures  (1-P) - 100  =  50  corresponding  to  Log  — rp-  =  0. 

_  N  c 

The  result  obtained  in  this  way,  that  seems  to  indicate  a 
high  flexible  fastener  behaviour,  is  remarkably  different  from 
that  given  by  the  previous  method.  In  order  to  obtain  deeper 
knowledge  on  the  question,  we  compared  the  experimental  data 
a-Nex  with  the  a-Nc  values  calculated  both  by  means  of  the 
AK-rate  of  the  stiffened  panels  with  the  relevant  best  value 
of  £,  and  the  A  group  AK-rate  with  the  best  value  of  £  given 
in  Fig.  13. 

This  comparison,  contained  in  Fig.  14,  clearly  shows  that 
the  a-N  values  calculated  by  means  of  the  stiffened  panel  AK- 
rate  very  closely  fit  the  test  data  in  the  flex  zones  too. 

The  other  approach,  on  the  contrary  .produces  a  curve  a-N 
which  does  not  tally  with  the  test  data. 

Consequently,  the  discrepancy  between  the  stiffened  panel 
and  the  sheet  AK-rate  relationships  cannot  be  ascribed  to  er¬ 
rors  in  our  original  computing  methods  of  £  which,  on  the  con¬ 
trary,  work  very  well. 

At  present  no  rational  explanation  of  this  discrepancy  can 
be  formulated. 

4.4  -  VARIABLE  AMPLITUDE-STIFFENED  PANEL  TESTS 

Six  stiffened  panels  were  tested  using  the  FALSTAFF  se¬ 
quence  with  a  maximum  stress  equal  to  20  Kg/mm2. 

The  results  of  these  tests  are  shown  in  Fig.  15  in  the 
usual  form  of  a  versus  F  plots. 

The  scatter  of  the  data,  evaluated  by  plotting  Lg  Fex  ver¬ 
sus  probability,  is  shown  in  Fig.  16.  The  standard  deviation 
is  higher  than  that  found  in  the  case  of  s ti f f ened-panel s  con¬ 
stant-amplitude  tests,  but  the  amount  of  data  is  too  small  to 
attribute  this  higher  scatter  to  the  existence  of  tv/o  different 
populations. 
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Fig.  17  contains  a  comparison  between  the  test  data  and 
the  prediction  made  with  the  methods  devised  by  Wheeler  and 
Willenborg,  utilizing  the  AK-rate  relationship  of  the  stiff¬ 
ened  panels,  a  flexibility  ratio  £=0.10  and  friction  force 
parameter  n=0. 

The  prediction  agrees  with  the  test  data  only  in  the  ran¬ 
ge  of  the  small  crack  lengths,  say  a  <  30  mm.  For  greater 
lengths,  the  rate  of  increase  per  flight  of  the  crack  is 
much  higher  for  the  experimental  data  than  for  the  calcula¬ 
ted  values. 

An  explanation  of  these  two  different  kinds  of  behaviour 
in  test  and  computer  results  may  be  the  plastic  deformation 
of  the  rivet-hole  system  due  to  the  load  peaks  in  the 
FALSTAFF  spectrum. 

The  computer  program  we  used  to  calculate  the  stress  in¬ 
tensity  factor  allows  for  rivet-hole  plastic  deformation  by 
means  of  a  two  straight  lines-load  displacement  relationships, 
as  shown  in  Fig.  18a,  but  does  not  take  into  account  the 
fact  that  rivet  unload  is  initially  elastic.  Fig.  18b.  The 
computer  evaluates  AK  as  a  difference  of  two  successive  com¬ 
putation  K !  -  K 2  =  AK  performed  utilizing  only  the  OAB  part 
of  the  load-displacement  relationship. 

This  method  is  likely  to  be  incorrect  especially  for  long 
crack  lenghts  whereas  the  load  peaks  in  the  spectrum  are  like¬ 
ly  to  produce  significant  plastic  deformations  in  certain 
highly  loaded  rivet-hole  systems.  Part  c  of  Fig.  18  contains 
a  schematic  representation  of  the  deformation  of  a  rivet-hole 
system.  Sketch  Cj  represents  the  rivet-hole  behaviour  in  the 
linear  part  0A  of  the  curve;  sketch  c2  the  plastic-elastic 
behaviour  in  the  part  ABC  of  the  curve  and  sketch  c3  the  part 
CO  of  the  curve  where  clearance  exists  between  the  rivet  and 
the  hole  due  to  previous  plastic  deformation  of  the  hole. There¬ 
fore,  if  a  sufficiently  high  load  is  applied  corresponding  to 
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a  sufficiently  long  crack,  the  rivet  load  follows  the  loop 
OABCO.  In  these  conditions,  the  rivet  becomes  completely 
ineffective  at  least  for  all  the  loads  of  smaller  amplitude 
which  produce  displacements  of  the  rivet  lower  than  OC. 

While  waiting  for  modifications  of  the  computer  program 
allowing  us  to  take  into  account  the  behaviour  we  have 
described,  we  performed  a  preliminary  estimation  of  the  crack 
growth  in  the  long  crack  length  range  by  completely  disre¬ 
garding  the  actions  of  the  first  line  of  rivets  immediately 
adjacent  to  the  crack.  The  results  of  this  approach  are 
given  in  Fig.  19  which  seems  to  prove  our  hypothesis  on  such 
a  phenomenon  is  correct. 

5  -  CONCLUSIONS  AND  FUTURE  RESEARCH  WORK 

The  research  carried  out  during  the  second  year  of  the  pro¬ 
gramme  was  centered  on  tests  of  sheets  and  stiffened  panels 
loaded  both  at  constant  and  variable  amplitudes.  The  results 
of  these  tests,  processed  with  the  methods  developed  mainly 
during  the  first  year's  activity,  have  been  presented  in  pre¬ 
vious  sections. 

As  far  as  the  attainment  of  the  main  objective  of  the  re¬ 
search  is  concerned,  namely  the  development  of  a  reliable  meth¬ 
od  for  predicting  crack  growth  in  built-up  structures  under 
variable  amplitude  loading,  our  results  allow  us  to  make  sig¬ 
nificant  progress. 

The  first  result  concerns  the  scatter  used  in  the  present 
investigation,  namely  the  aluminium  alloy  7075-T6  in  sheets 
1.27  mm.  thick.  Specimens  cut  from  a  batch  of  sheets  supplied 
by  the  same  manufacturer ,  whose  yield,  strength  and  toughness 
are  virtually  constant,  produced  crack  growth  data  (da/dn  ver¬ 
sus  AK)  lying  in  two  different  scatter  bands  and  belonging,  it 
would  seem,  to  two  different  statistical  populations.  Within 
each  population  the  scatter  is  low,  but  if  we  force  all  the 
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data  to  belong  to  a  same  population,  the  reliability  of  pre¬ 
diction  decreases  significantly,  as  can  be  seem  from  the 
comparison  in  Fig.  5d. 

The  existence  of  a  potentially  high  scatter  in  7075-T6 
is  a  result  which  is  to  be  expected. 

The  crack  growth  data,  collected  and  analyzed  in  Ref. 

/ 2 / ,  has  an  average  K-rate  relationship  which  is  very  close 
to  that  of  the  present  investigation  and  the  scatter  is  even 
higher.  However,  it  is  worthwhile  pointing  out  the  band  be¬ 
haviour  we  found. 

The  variable  amplitude  load  tests  were  carried  out  using 
a  FALSTAFF  spectrum  with  two  different  stress  levels.  In  this 
case  too,  we  found  the  two  bands  behaved  in  the  way  already 
descri bed . 

The  test  data  in  terms  of  the  number  of  flights  necessary 
for  a  crack  to  grow  to  a  given  length  compares  fairly  well 
with  the  same  figures  computed  by  means  of  the  Wheeled  ;<•*  *h- 
od  with  an  appropriate  value  of  the  plastic  zone  constant, 
only  if  we  select  the  K-rate  relationship  relevant  to  the 
band  the  data  belong  to.  Otherwise,  the  prediction  can  be 
poor  as  can  be  argued  from  the  data  in  Figs  12  and  13, which 
clearly  shows  the  role  played  by  the  basic  material  constants 
in  the  whole  process  of  prediction. 

Stiffened  panel  specimens  were  tested  at  constant  amplitude 
loading  to  obtain  information  on  flexibility  and  friction 
forces.  The  results  obtained  showed  that  the  two  quantities 
mentioned  above  tend  to  assume  well  defined  values  when  riv¬ 
eting  is  performed  by  a  skilled  operator,  guaranteing  that 
the  dimensions  of  the  driven  rivet  head  fall  within  very 
restricted  limits.  In  these  conditions,  it  was  found  that 
if  friction  forces  are  neglected,  the  prediction  is  till 
good  if  the  equivalent  rivet  flexibility  is  used.  1  ■.  i  s  is  an 
interesting  result  since  allowance  for  friction  forces  implies 
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a  noteworthy  increase  in  complexity  and  in  the  costs  of 
computation. 

Another  result  of  these  tests  is  that  the  best-fit 
AK-rate  relationship  of  the  stiffened  panels  is  different 
from  that  pertaining  in  simple  sheets.  Whether  this  dif¬ 
ference  is  to  be  ascribed  to  the  existence  of  a  third  scat¬ 
ter  band  or  to  a  particular  kind  of  behaviour  of  this  type 
of  specimen  is  still  an  open  question.  Further  data  is 
necessary  for  better  insight  into  this  phenomenon. 

The  variable  amplitude  tests  on  stiffened  panels  showed 
that  accurate  predictions  of  the  crack  growth  in  a  given 
number  of  flights  can  be  obtained  by  means  of  the  CADAV 
computer  program  using  the  Wheeler  method  appropriate  to  the 
spectrum  together  with  the  K-rate  relationship  and  the  flex¬ 
ibility  value  calculated  by  means  of  the  stiffened  panel 
constant  amplitude  tests. 

However,  such  predictions  may  become  greatly  unconservative 
if  the  crack  length  is  relatively  large,  probably  because  of 
the  progressive  out-of-roundness  of  the  most  loaded  rivet- 
holes  caused  by  the  combined  action  of  crack  length  and  load 
peaks  in  the  spectrum. 

As  far  as  future  research  work  is  concerned,  we  shall 
carry  out  the  test  program  outlined  in  Appendix  2 . 

Simple  sheets  and  stiffened  panels  will  be  tested  util¬ 
izing  different  types  of  spectra  (FALSTAFF , MINITWIST  and 
Gaussian  random)  which  may  be  considered  to  be  representa¬ 
tive  of  several  areas  of  aircraft  operations.  These  tests 
will  be  carried  out  following  the  same  methods  discussed 
in  the  present  paper  and  will  be  processed  with  the  meth¬ 
ods  already  outlined,  with  further  improvements  as  far  as 
AK  evaluation  in  stiffened  panels  is  concerned. 

The  aim  of  this  last  year's  set  of  tests  is  to  present 
conclusions  on  the  role  that  the  di fferent  ingredients  (ma¬ 
terial  constants  prediction  methods  and  AK  evaluation  via 
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flexibility  and  plasticity  modelling)  have  in  the  predic¬ 
tion  of  the  number  of  flights  necessary  for  a  crack  to 
grow  to  a  given  length.  Since  the  inherent  material  scat¬ 
ter  can  significantly  mask  all  the  other  influences,  we 
decided  to  utilize  only  the  2024-T3  aluminium  alloy,  that, 
in  our  experience,  tends  to  behave  in  a  more  definite  way, 
at  least  when  the  specimens  are  cut  from  the  same  batch  of 
sheets . 

Notwithstanding  this  limitation  in  material  selection, 
this  new  test  program  has  been  conceived  with  a  view  to 
obtaining  results  which  are  sufficiently  general  as  far  as 
their  application  to  built-up  structures  is  concerned. 
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APPENDIX  1  -  TESTS  FOR  THE  EVALUATION  OF  THE  MECHANICAL  PROPER 
TIES  OF  THE  MATERIAL. 

Tests  were  performed  to  evaluate  the  possible  differences 
in  the  mechanical  properties  of  the  material  used  in  the 
crack-propagati on  tests.  To  this  end,  four  small  samples  were 
cut  from  the  flat  specimens  used  in  the  crack-propagation  tests 
both  under  constant  amplitude  and  variable  amplitude  loading. 

The  first  kind  of  test  aimed  at  evaluating  the  yield  stress 
and  the  tensile  strength  of  the  material.  The  samples  used 
in  these  tests  were  similarly  shaped  to  ASTM  standard  speci¬ 
mens,  but  slightly  smaller  in  size.  The  second  kind  of  test 
was  performed  on  rectangular  specimens  with  a  central  through 
crack:  the  load  applied  was  increased  until  the  crack  length 
began  to  propagate  and  continued  to  increase  up  to  final  fai^ 
lure.  The  Kc  app.  values  reported  in  Tab.Al  can  be  used  only 
as  qualitative  measurements  to  assess  if  the  material  toughness 
is  comparatively  the  same  for  all  the  specimens.  Besides  the 
reduced  width  of  the  small  specimens  in  comparison  with  the 
dimension  of  the  usual  crack-propagation  specimen,  the  Kc  app. 
values  were  evaluated  using  the  initial  crack  half-length  and 
the  maximum  load  applied,  under  which  failure  occurred.  All 
the  values  shown  in  Tab.Al  are  the  average  values  for  two  small 
specimens  belonging  to  the  same  specimen  used  in  the  crack-prop 
agation  tests. 


APPENDIX  2  - 


THIRD  YEAR  TEST  PROGRAM. 


The  purpose  of  this  appendix  is  to  outline  a  tentative 
test  program  to  be  carried  out  in  the  third  year.  Tab.A2  shows 
tentatively  the  types  of  specimens  and  tests. 

The  test  n°  1  will  be  carried  out  to  determine  the  sem^ 
empirical  laws  of  the  crack  propagation  rate  relevant  to  the 
batch  of  sheets  we  will  use  in  this  last  phase  of  the  re¬ 
search.  Further  tests,  with  specimens  not  shown  in  the  table, 
will  be  performed  to  characterize  the  material  in  terms  of. 
o-e  curves  and  fracture  toughness. 

The  behaviour  of  material  in  relation  to  spectrum  types 
and  spectrum  levels  will  be  explored  by  the  tests  n°  2-7. 

The  results  will  be  utilized  for  a  further  evaluation  of  the 
reliability  of  the  crack  growth  prediction  methods  in  struc¬ 
tures  were  the  structural  behaviour  and  the  stress  intensity 
factor  solutions  are  well  established. 

The  behaviour  of  the  riveted  joint  will  be  examined  by  the 
successive  tests.  Tests  n°  8  and  9  will  give  informations 
about  phenomenon  of  load  transmission  between  sheet  and  stiff 
eners;  the  simplified  structure  (strip  stiffened  panel)  will 
be  used  and  two  types  of  rivets  will  be  investigated. 

Further  tests,  such  as  standard  static  tests  on  riveted 
joint  and  stiffness  measurement  of  riveted  joint  after  over 
load  application,  will  be  carried  out  to  obtain  a  more  acci£ 
rate  modelling  of  the  elasto-plastic  behaviour  of  the  joint. 

The  behaviour  of  riveted  stiffened  panels  under  spectrum 
loading  and  the  capability  of  crack  growth  prediction  methods 
for  these  structures  will  be  analysed  by  the  tests  n°  10  to 
15. 

Finally  an  application  to  more  realistic  structures  of  the 
results  and  methodologies  obtained  will  be  made  by  tests  n°  16 
and  17. 
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Fig.  1  -  Regression  analysis  on  all  the  experimental 
data  for  evaluating  Forman's  law.  The  law 
indicated  is  the  one  obtained  if  the  data  is 
supposed  to  belong  to  the  same  population. 
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Fig.  2  -  Regression  analysis  on  all  the  experimental 
data  for  evaluating  Paris-Walker  law.  The 
law  indicated  is  the  one  obtained  if  the  data 
is  supposed  to  belong  to  the  same  population. 
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Fig.  3. a  -  Regression  analysis  on  experimental  data 
of  group  'A'  for  evaluating  Forman's  law. 
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Specimens  flat  panel ,  t-  1.2  7  mm 
Central  through  crack .  7075 -T6  _ 
Constant  amplitude  loading 
with  R=-1.0.  R=- 0.5 ,  R=0.6  and  R^0.7 
Forman’s  law  :  _ 
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Fig.  3.b  -  Regression  analysis  on  experimental  data 
of  group  ' B ‘  for  evaluating  Forman's  law. 
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Fig.  4.b  -  Regression  analysis  on  experimental  data 
of  group  1  B  '  for  evaluating  I’ari  s-Wa  1  ker 
1  aw . 
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Fig.  5. a  -  Lognormal  emulative  distribu¬ 
tions  of  the  variable  N  e  x  /  N  c  ,  A 
for  the  constant  amplitude  tests 
of  group  'A'  for  two  ranges  of 
damage  growth. 


Specimens  flat  panel  .  t  =  1.2  7  mm. 
Central  through  crack  .  7075  -T6 
Constant  amplitude  tests  of  group  B 
Nc  calculated  with  Pans -Walker  law 
obtained  from  the  data  of  group  B 

O  from  a  =14 mm  to  a  =  25  mm 
A  from  a  =1 4mm  to  a  =  38  mm 
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Fig.  5.c  -  Lognormal  cumulative  distribu¬ 
tions  of  the  variable  N e x / N c 
for  two  ranges  of  damage  growth 
Nc  has  been  evaluated  with 
Paris-Walker  law  of  growth  'A' 
or  '  B  '  ,  as  appropriate. 


Specimens  fiat  panel  .  t=  1.2  7  mm. 
Central  through  crack  ,  70  75 -T6 
Constant  amplitude  tests  (  LA2  tests  ) 
Nc  calculated  with  Paris-Walker  law 
obtained  from  the  data  of  group  A 
or  of  group  8  ,  as  appropriate  . 
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Fig.  5.d  -  Lognormal  cumulative  distributions 
of  the  variable  N  K  x  /  N  c  for  two 
ranges  of  damage  growth.  Nc  has  been 
calculated  with  the  Paris-Walker  law 
of  F  i  g . 2 . 
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Smax= 20 . Kg/rrnn1 .  The  curves  "all  data"  are  calculated  with  Forman  law  of  Fig. 


Specimens  :  flat  panels  ,  t  =  1.27  mm 
Central  through  crack  ,  7075-T6 
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FALSTAFF  spectrum  with  Smax=24 . Kg/mm" .  The  curves  "all  data"  are 
calculated  with  Forman  law  of  Fig.  1. 
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Fig. 8. a  -  Lognormal  cumulative  distributions  of  the 

variable  Fex/Fc  for  flat  panels  tests  under 
FALSTAFF  Spectrum  with  Sniax  =  20 .  Kg/mm'' .  Fc 
has  been  evaluated  using  Forman  law  constants 
of  group  'A'  or  group  1 B '  ,  as  appropriate. 
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Fig.  8.b  -  Lognormal  cumulative  distributions 
of  the  variable  Fex/Fc  for  flat 
panels  tests  under  FALSTAFF  spectrum 
with  Smax-24 .  Kg/mirr  .  Fc  has  been 
evaluated  using  Forman  law  constants 
of  group  '  B  '  . 
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Fig.  8 . c  -  Log  norma  1  cumulative  distributions 
of  the  variable  Fex/Fc  for  flat 
panels  tests  under  FALSTAFF  spectra 
with  Smax=20 . Kg/mm2  and  Smax=24 . Kg/mm2 . 
Fc  has  been  evaluated  using  Forman  law 
constants  of  group  'A'  or  ‘ B ' ,  as  ap- 
propri ate 
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Fig.  9  -  Fqaja  versus  flexibilii 
E,  for  the  constant  amp' 
ened  panels  tests. 


FdaTA  versus  flexibility  parameter  t,  for  the  constant  amp  1  i  tude- s  t  i  f  f  e 
tests,  taking  into  account  friction  forces  through  the  parameter  - . 


Continued. 
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.a  -  Regression  analysis  of  the  experimental 
data  from  constant  amplitude  tests  of 
the  stiffened  panels.  AK  has  been  eva] 
ua ted  using  the  best-fit  value  of  the 
rivet  flexibility  parameter,  f,  =  0.10. 
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Specimens  :  stiffened  panels 

LRIC  Tests 

Central  through  crack  .  7075-T6 
Constant  amplitude  loading 
with  R  =  0  4 

AK  evaluated  with  rivet  flexibility 
and  friction 

Forman's  law  : 
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Fig.  11. b  -  Regression  analysis  of  experimental 
data  from  constant  amplitude  tests 
of  stiffened  panels.  AK  has  been  e  - 
valuated  usign  the  best-fit  values 
of  the  rivet  flexibility  parameter 
7=0.15  and  friction  parameter  r ,  =  0 .  10 
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Fig.  12  -  Lognormal  cumulative  distribution 
of  the  variable  ANex/ANc  for  test 
LRIC-3.ANc  has  been  calculated  with 
Forman  law  of  the  stiffened  panels 
(Fig.  11. a)  and  assuming  £>0.10. 
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Fig.  13  -  Lognormal  cumulative  distribu 
tions  of  the  variable  Nex/Nc 
for  test  LRIC-3.Nc  has  been 
calculated  using  Forman  law 
of  group  ’A'  and  AK  evaluated 
using  different  values  of  f . 


Fig.  14  -  Comparison  of  the  experimental  data  of  the  constant  amplitude-stiffened 
panels  tests  with  the  predictions  obtained  using  Forman  law  of  group  ’A' 
and  AK  evaluated  using  different  valuesof  rivet  flexibility  parameter. 


Fig.  15  -  Experimental  results  of  the  variable  amplitude 
tests  of  the  stiffened  panels. 
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Fig.  16  -  Lognormal  cumulative  distributions  of 
tfie  variable  Fex  for  the  variable 
amplitude  tests  of  the  stiffened  panels 
for  four  ranges  of  damage  growth. 
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Fig.  17  -  Comparison  of  the  experimental  data  of  the  variable 
amp  1 i tude- s ti f f ened  panels  tests  with  the  predic¬ 
tions  obtained  using  Forman  law  of  the  stiffened 
panels . 
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18  -  Schematic  representation  of  a  rivet-hole 
system  behaviour. 
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Fig.  19  -  Comparison  of  the  experimental  data  of  the  variable 
amplitude-stiffened  panels  tests  with  the  predic¬ 
tions.  The  prediction  curves  are  obtained  using 
the  Forman  law  of  stiffened  panels  and  AK  evaluated, 
for  a  26  mm,  disregarding  the  actions  of  the  first 
line  of  rivets  immediately  adjacent,  to  the  crack. 


Tab.  l.a  -  Main  characteristics  of  the  constant  am¬ 
plitude-flat  panels  tests. 


Tab.  l.b  -  Main  characteristics  of  the  variable  am¬ 
plitude-flat  panels  tests. 
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Tab.  l.c  -  Main  characteristics  of  the  constant  amplitude 
stiffened  panels  tests. 


Tab.  l.d  -  Main  characteristics  of  the  variable  am 
plitude  stiffened  panels  tests. 
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Test  LAZ-07  Test  LAZ-09 


a 

cycles 

a 

cycles 

/  .  6 

79770 . 

8  .  A 

2.1  8  18 

?  ,  1 

94770 , 

A  .  1 

2A001 , 

V  .  4 

9  7830 . 

A  ,  A 

2  V  ’  0  8 

9 . 9 

1 01040. 

7 . 2 

33  l  ,'o 

10.4 

1 039 AO. 

7  .  A 

389  v  , 

1 0 . 9 

1068 1 8. 

8.6 

403  !,0 

.1  1  .  8 

1  1  1.240. 

9 . 4 

44880 

i :  .  i 

1 12880. 

1  0 . 8 

49  .->30 

1  2 , 8 

1 1 4808 . 

1  1 . 8 

* , .  9* ,  V  8 

J  3 .  A 

1 17738, 

17. 1. 

,  A'-’ij; ; 

1  4  .  1 

1 1 9880 . 

17.6 

'.,8  ill', 

1  4 . 9 

1 2 20 A 8 . 

1  3 . 1 

8 

1  8 .  4 

1 23948. 

.1  3  7 

888  .'8 

i  A  .  0 

1 28888 . 

1  4  .  t 

«  t,>  -  * 

1.  A .  A 

1 27290 . 

1  4 . 9 

A  1  8  1  O 

1  7  .  1 

1291 40 . 

18.4 

62880 

17.9 

13066 8 . 

16.0 

A-1  4.  9 

18.4 

1 32048. 

J  6 . 6 

A!  ,  ,'90 

1  9 . 0 

1 33880 . 

17.4 

A  7  1  A  8 

1 9 . 8 

138390. 

1  7 . 8 

A  8  1  98 

20.  / 

1. 37868 . 

1 B .  6 

AV.  i  i  8 

2 .1  .  A 

1  39380 . 

1  9 . 8 

7  1  .• .  }  )  8 

22.3 

1 40780 . 

20. 1 

7 "  ' , « 8 !'  < 

22.9 

1 42098 . 

20,6 

788  s8 

23 . 5 

1 4  3 1 88 . 

2  1.0 

74  1  9  Vi 

24. 1 

144468. 

2  1  .  6 

7884v 

28 . 8 

146/80. 

22.3 

761.60 

26.0 

147880. 

22 . 8 

7  7480 

26.8 

148398 . 

23 . 6 

78  788 

2  7 . 0 

1.  49388  . 

24.8 

7798  8 

28.3 

1  8  1  8  6  8  , 

26 . 2 

8  7  '48 

28.9 

1 82830 . 

27.3 

8  4  8‘,0 

29.8 

1 83490. 

78.0 

lfi‘1'9 

30.8 

1 84980 . 

29.0 

8ah  aO 

3  :l  .  7 

186760. 

2V .  9 

8  7ii8', 

32.8 

187888. 

,0.6 

i'll  IH  1 1 '  , 

33.4 

1891 78. 

3  1  .  4 

tf':  .'A 

34. 7 

1  6:1  1  20. 

37.2 

90:1  ■  o 

38 . 8 

162280. 

33.  1 

V  1  1  .•  1  ,  ,  1 

3  A .  7 

163/60. 

3  4 . 0 

1  ■  • 

3  7 . 4 

1 64680 , 

3  4  .  :i 

3  a  . ;  I 

3 

398  3 

1 

Tab.  3 
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Test  LAZ-06 


a 

cycles 

9.5 

12665. 

10.3 

15135, 

10.9 

16195, 

11.4 

17185. 

1 2 . 0 

18770. 

13.9 

22360. 

14.6 

23810. 

15.4 

24930 . 

16.1 

25960. 

19.0 

27170. 

1 7 . 8 

28230 . 

19.0 

29640. 

19.6 

30400. 

20 . 5 

31340. 

21.0 

31895. 

21.5 

32535. 

22 . 3 

33240 . 

22.9 

34000. 

23 . 5 

34760. 

24.3 

35400. 

25.1 

36040. 

25.6 

36480. 

26 . 4 

37080. 

27.3 

37770. 

28.0 

38235. 

28 . 7 

38830 . 

30.0 

39850. 

30.7 

40445, 

31.3 

40910. 

32.0 

41370. 

32.6 

41810. 

33.3 

42185. 

34.2 

42725 . 

34.8 

43125. 

35.4 

43455. 

Test  LAZ-02 


a 

cycles 

8.6 

490  1  5 . 

8.9 

50270 . 

9.4 

51415. 

10.6 

54980. 

1 1  .  1 

56400, 

12.0 

59255 , 

13.1 

62155. 

1 3 . 6 

63 185. 

13.9 

63915, 

14.9 

66195. 

15,6 

67635 . 

16. 1 

68700. 

17.0 

70790. 

17.5 

72155. 

18.1 

73405. 

19.4 

75520 , 

20.1 

76365. 

20.6 

77440. 

21.4 

78470. 

21.9 

79435 . 

22.5 

80330 . 

23 . 1 

81390. 

23.6 

822 1 0 , 

24.6 

83400. 

25.9 

84900, 

27.0 

86550. 

27.9 

87635. 

28.4 

88135. 

29.0 

88930. 

29 , 5 

89685. 

31.4 

91510. 

32 . 3 

92455  . 

33.2 

93190. 

34.1 

94075. 

34.8 

94790. 

35.5 

95310. 

37,0 

96715. 

38.0 

97485. 

39.0 

98270. 

39.9 

98900. 

41.3 

99775. 

43.2 

1 0 .1055. 

44.5 

101750. 

Tab.  3  -  Continued. 
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Test  LA2-08 


a 

cycles 

4 .  2 

11570. 

4.5 

13455. 

4.8 

15290 , 

5.2 

17290. 

6,2 

21340. 

6.7 

22785. 

7.1 

24735. 

7.7 

26595 . 

8.7 

29815. 

9.4 

31290. 

10,  3 

33960 . 

11.1 

35475. 

1 . 5 

36470. 

L2.3 

37615. 

12.8 

38545. 

13,3 

39550 . 

L  4 . 0 

40705 . 

15.5 

42955. 

16.0 

43840. 

16.6 

44620. 

17.3 

45415. 

18.0 

46275. 

18.6 

47120, 

19.4 

47950 . 

20 . 0 

48665. 

20 . 8 

49435. 

21.4 

50030. 

22.3 

50890. 

22.9 

51495. 

24.0 

52595. 

24 . 6 

53100. 

25 . 4 

53695. 

26.1 

54275. 

26  >  9 

54825- 

27.6 

55350 

29.1 

56355. 

29.8 

56830. 

30.5 

57300 

31  .3 

57805 

32.0 

58230 

33,2 

58850 

34.2 

59370 

34.9 

59755 

35.8 

60155 

Test  LAZ-01 


a  cycles 


4.1 

6745 . 

4.7 

7735 , 

5.1 

8795 . 

5.8 

10055. 

6.4 

10980. 

7. 1 

11945. 

7.6 

13000. 

8.6 

14515. 

9.9 

15775. 

1 0 . 3 

16375. 

1 1.1 

1 7230 . 

11.6 

1 7755 . 

12.6 

18695. 

13.1 

19150. 

13.7 

19640. 

14.2 

20170. 

14.8 

20665. 

15.5 

2 1 1 70 • 

16,5 

21940. 

17.1 

22335 . 

18.1 

22985 . 

19.1 

23590. 

2  0.0 

2  41  70. 

20.9 

24670. 

2 1 . 8 

25065 . 

22 . 8 

25600 . 

23.6 

25925 . 

24.4 

26215. 

25,1 

26480, 

26. 1 

26775. 

26.9 

27050 . 

27.9 

27330. 

28 . 8 

27590. 

29.9 

27870. 

31.2 

28170. 

32.6 

28435 . 

34.0 

28675. 

35.3 

28910. 

36.8 

29150. 

38,7 

29405. 

40.9 

29700. 

Tab.  3  -  Continued 
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Test  LAZ-03 


a 

cycles 

8 . 2 

68065 . 

8  *  6 

69870. 

8 . 9 

71490. 

9.3 

73485 . 

9.6 

758 1 5 . 

12.6 

84365. 

1.  4 .  0 

88420 . 

14.4 

89880. 

16. 1 

941 40. 

17.0 

95555 . 

17.6 

97110. 

18.2 

98750 . 

19.0 

100655. 

19.9 

101890. 

20.6 

103295. 

21.5 

105175. 

22.7 

106790. 

23.4 

108065. 

24.3 

109690. 

25 . 9 

111420. 

27 . 2 

1 1 3625 . 

28.2 

1 15400. 

29.8 

1 1 6835 . 

31.0 

118325. 

32 . 0 

119445. 

33.0 

120530. 

34.8 

122530, 

36 . 9 

124685, 

38 . 8 

126370. 

39.8 

127165. 

40.9 

128240. 

41.8 

128730. 

42.7 

129500. 

43.8 

1 303  75 . 

45.2 

131370. 

45.8 

131860 , 

46.9 

1 32630 . 

48.3 

1 33465. 

4  9.2 

134040. 

Test  LAZ-04 


a  cycles 


1  1 . 6 

466', . 

1 3 . 1 

9160, 

1  3 . 9 

t 1 355 . 

1. 4 . 6 

1 3665  ,• 

I  5 .  1 

15265. 

1  5 .  a 

16535 . 

16.4 

18060, 

1  7 . 0 

1 9250 . 

17,9 

21 1 45, 

1 8 . 7 

230 1 5 , 

19.4 

24490, 

20 . 1 

25840 . 

20 . 7 

26895 . 

22. 1 

293 30 . 

23 . 0 

31 0  '5. 

23.5 

31850. 

24,3 

33070. 

25.0 

34260 , 

25.9 

35520 , 

26.6 

36545. 

27.4 

3  7 5 8  5  ♦ 

28 . 3 

38865 . 

28 . 8 

39605 . 

29.5 

405 1 0 . 

30. 1 

4 1 360 . 

31 . 1 

42460 . 

32.0 

43530 , 

32.8 

44540 . 

33.7 

45520 . 

34,6 

46420. 

35 . 5 

47325 . 

CD 

486 75 , 

37.7 

49490 . 

40,4 

51545. 

40.8 

52030 . 

41.4 

52620 . 

42.7 

5351 0. 

43.6 

54225. 

44. 1 

54555 . 

44.6 

54930 . 

45,5 

556*0 . 

46.7 

564 J  0 . 

Tab.  3  -  Continued 
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Test  LAZ-05 


a 

cycles 

17.6 

2371 0. 

10.4 

27025 . 

18.7 

29025. 

IV.  4 

33145. 

20.  1 

37220 . 

21.5 

44550. 

22 . 3 

46970. 

23.4 

50420. 

24.2 

54125. 

25.5 

59775, 

25.9 

61355. 

26.7 

65045 . 

27.3 

66550 , 

27.6 

60 1 20 . 

28.4 

71100, 

29.0 

73570 . 

30.5 

77405. 

31.0 

70945. 

31.4 

80010. 

32.0 

01955. 

32.7 

04355 . 

34.0 

87230 . 

34 . 8 

88630 . 

35.5 

90450. 

36.3 

93105. 

36 . 8 

94070 . 

37.3 

95470, 

37,8 

96555 . 

38 . 3 

97480. 

30 . 7 

98405. 

39,2 

99550 . 

39 . 5 

100210. 

40.0 

101175. 

40.4 

102275. 

40,9 

103390. 

41.3 

104215. 

41.8 

105000. 

42.3 

106015, 

43 . 0 

107385, 

Test  LAZ-10 


a 

cycles 

2 1 . 3 

12505. 

2  1.  .  6 

:i  4500 , 

2 1 . 9 

16270 . 

22.3 

1 0905 . 

22.0 

226 1 0 . 

23.2 

25465. 

23,0 

20990. 

24.0 

30655. 

24.4 

32060 , 

25 . 0 

36745 , 

25 . 4 

30735 . 

25 . 7 

4 1 255 . 

26. 1 

43420. 

26.5 

4 5 6  3  5  • 

26.9 

47300. 

27 . 2' 

49495. 

27.6 

51 295 . 

27.9 

52935 , 

28.3 

54705, 

20 . 9 

50O75 . 

29 . 3 

59745 . 

29.6 

61355. 

30,0 

63135. 

30 . 3 

64750. 

30 . 7 

66365 « 

3 1 . 0 

68080 . 

31.5 

700 1 0 , 

31.9 

71625. 

32 . 5 

74395 . 

33.2 

76895 . 

33.6 

78755 . 

34.3 

01445. 

34.9 

83955 , 

35 . 5 

06050 . 

36.0 

80240. 

36.5 

89960 . 

37.0 

9  1  6  1  0  . 

37.6 

93310. 

30.0 

94525 , 

30.3 

95/05. 

39.0 

V  79  1.5. 

39.5 

99460 , 

Tab.  3  -  Continued 
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Results  of  the  variable  amplitude-flat  panels  tests. 
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Tab.  4  -  Continued. 
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45.05 


44  40 


44.30 


40  60 


45.05 


44.  00 
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44.  45 

600 

44  45 

400 
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49  45 

900 

45  95 

4000 
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4400 
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Test  LRIC-1  Test  LRIC-2 


a 

cycles 

a 

cycles 

19.6 

19440 . 

18.1 

15290. 

?o .  e 

21805. 

19.0 

1 7900 . 

27 .  5 

26730 . 

20.0 

20525 . 

23.  4 

28385 . 

21.6 

24645. 

24.3 

30190. 

23.6 

29005 . 

75 .  l 

32480 . 

24.6 

31320. 

27.3 

36405. 

27.2 

35925. 

2.9 .  V 

41275. 

29.  1 

39280. 

31 . 1 

43515. 

30.3 

41 660. 

32.  A 

45890. 

31.3 

43195. 

35.3 

50640. 

32.7 

45260 . 

36.7 

52555 . 

34.1 

4/380, 

40 . 3 

56695. 

3  7.7 

52615. 

42.3 

59/05 . 

59 . 5 

55030. 

44.5 

62195. 

41 . 1 

57245. 

48,5 

66940. 

43.0 

59440, 

50 . 0 

68370. 

44.8 

61595, 

51.3 

70295 . 

46.2 

63045. 

52 . 8 

72025 . 

47.2 

64090. 

55 . 7 

75615. 

48.1 

65295 . 

56. 9 

76840. 

49.0 

66370. 

58 . 2 

78360 . 

50.4 

67930. 

59.3 

79510. 

51 . 1 

68725. 

60.5 

81230, 

52.3 

70145. 

61.5 

82625 , 

53,3 

71280. 

63.6 

85620 . 

54.5 

72700 . 

66.3 

89880 . 

55 . 5 

73925. 

67.4 

91180. 

57.8 

76515. 

68.6 

92510. 

58.8 

77770. 

70 . 7 

95415. 

59,9 

78990. 

72.3 

98070. 

60.8 

80335. 

74.8 

101345. 

61.7 

81345. 

76 . 3 

1 03350 . 

64.0 

84370. 

78 .  1 

105345. 

65.7 

86705. 

79.3 

107180. 

66.7 

88165. 

79 . 8 

1 08380 . 

67.8 

89835. 

80.9 

109755. 

68.9 

91135. 

81.8 

1 1 0680 , 

71 . 1 

94490. 

82.9 

112285. 

72.6 

96480. 

83.9 

113405. 

73.4 

97840. 

85.0 

1 1 4590 . 

74,6 

99510. 

86 . 3 

116195. 

78.8 

105075. 

87.2 

1 1 7280 . 

80.  1 

106630. 

88.7 

118990. 

81.5 

108325. 

90.0 

120105. 

83.3 

110445. 

Tab.  5 

-  Results  of  the  constant 

ampl i tude 

-sti ffened 

panels  tests. 
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Test  LRIC-3 


a 

cycles 

l  a  .  1 

7  7 1 0  . 

18.6 

1  5425 . 

19.  :s 

1  6690 . 

20 .  2 

1 9 <80 . 

20 . 6 

20 7 | 5 . 

22.6 

24240 . 

22 . 7 

25605 . 

26 . 2 

26695 .. 

26.9 

27965 . 

24.5 

29675 . 

25.2 

60885 . 

25 . 8 

61 865. 

26  *  5 

82905 , 

27 . 7 

65845 . 

29 . 8 

39275 . 

61 .0 

41475. 

62 .  7 

44255. 

64.0 

46465 . 

65.4 

486  70 . 

38.2 

51.  865 . 

69.5 

54565 . 

40.9 

56470 . 

42.7 

58660 . 

44.5 

60860 . 

45.  7 

62505 . 

47.7 

65005 . 

49.8 

67275. 

51 . 8 

69550 . 

56.7 

71585. 

55 . 4 

76645 . 

57.0 

75465. 

58 . 5 

77270 . 

60.4 

79695 . 

6 1 . 5 

81105. 

62.2 

82055 . 

66.2 

86290. 

65.2 

86205 . 

66.0 

87265 . 

66.8 

88425 . 

67.7 

89655 . 

69.5 

92660 , 

70.8 

96945. 

71 . 7 

95205 . 

72.9 

970 15. 

75 . 4 

1 00280 . 

Test  LRIC-4 


a 

cycles 

I  7 .  1 

1  0505  . 

1  7 . 8 

1  28 1 0 . 

19,4 

1  7625  . 

20.0 

i  9535 . 

20 . 8 

2.1  740. 

2  1  . 5 

2395! , . 

26 . 5 

28495 , 

25.6 

62635 . 

26 . 1 

64910. 

27.1 

67000 , 

29.6 

41950 . 

60 . 9 

4  4.1  15. 

62.6 

46/50.. 

66.4 

48875 . 

64.6 

508  1 5 . 

65.5 

52640. 

66.5 

56840 . 

37.7 

55840 . 

68.7 

57200 . 

40.0 

58960 , 

42.0 

62145, 

44.1 

64785. 

47.6 

69445 . 

49.0 

71665. 

50.9 

76870. 

56,6 

77165. 

55 . 7 

79715. 

57.7 

82680 . 

59.4 

84840. 

61.0 

87005. 

62.6 

89445 . 

64 . 1 

9  1  690  . 

65 . 6 

96705 . 

67.0 

96215, 

68.7 

90745. 

70 . 1 

100940. 

7 1. .  6 

102795. 

73.7 

1 04985. 

73.8 

106690. 

74.9 

108 1 25. 

75 . 9 

109850. 

77.1 

111665. 

77.9 

116010. 

79.4 

1 1 50 1 0 . 

80 . 8 

116790, 

Tab.  5  -  Continued 
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Test  LRIC-5 


a 

cycles 

1  7  .  4 

1  12.50. 

1 ;  : .  <  "> 

1 3705 , 

1 8 .  /• 

J  -.005  . 

20 . 4 

70745, 

2  1  .  1 

2 78 00 , 

73.  i 

27970, 

23  .  V 

29880 . 

28 , 0 

32435. 

26 . 0 

34510. 

2  6 .  8 

364 LO. 

28 . 0 

38880 . 

30, 2 

1 3085 . 

32 . 3 

47435, 

33,  / 

49670. 

34.8 

52075. 

3  7 . 4 

56285 . 

39.0 

585 20 • 

40 . 8 

oOBOO « 

42.8 

2. .  *,  0 8  5  • 

44. 1 

66190 . 

45.8 

685 l 5 . 

49.0 

72685 . 

50 . 5 

74675. 

52,0 

7*615. 

53 . 5 

785 1 0 . 

54.9 

80350 . 

56 . 0 

8 1 800 . 

57.5 

83875 . 

60.0 

87750 . 

6 1  . 3 

89  1  55 . 

62 . 4 

90865 , 

63.8 

97870. 

66 . 6 

96930 . 

67.4 

98320 . 

68.6 

100010. 

69.5 

101640. 

70 . 8 

103510. 

73.7 

107855. 

75 . 3 

1 1 00  J  0  . 

78.0 

J  1 5090 . 

80.4 

.1  1  7750 . 

81.9 

.1  19450. 

83.4 

121585. 

84 . 4 

1 229 30 . 

Tab.  5  -  Continued 


Tab.  6  -  Results  of  the  variable  amplitude-stiffened  panels 
tests . 
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71 


TEST 

°y 

°R 

K c  app 

LAZ-01 (A) 

55.3 

58.  1 

178.1 

LAZ-02 (A) 

56.0 

59.8 

175.5 

LAZ-03 (A) 

54.6 

59.0 

178.1 

LAZ-04 (A) 

55.7 

59.8 

186.5 

LAZ-05 (B) 

55.0 

59.6 

186.5 

LAZ-07 (B) 

55.3 

59.8 

187.3 

LAZ-08 (A) 

55.3 

59.8 

182.3 

LAZ-09 (B) 

56.6 

61  .  1 

185.6 

LRSV-7  (B) 

56.0 

60.2 

191.5 

1  RSV-9 (B) 

56.0 

60.4 

186.5 

LRSV-10 (B) 

55.8 

60  .  2 

194.0 

LRSV-1 1 (A) 

56.0 

60.0 

191.5 

Oy  =  yield  stress  ( Kg /mm ' ) 
or  =  tensile  strength  (Kg/mnr) 

Kc  app  =  apparent  Kc  , calculated  utilizing  the 
maxi nt urn  load  and  the  crack  initial 
half-length  from  experimental  data 
( Kg /mm  ^ ) . 


Tab . A . 1  -  Certain  mechanical  properties  of  a  few 
flat  panels  utilized  in  the  tests. 


TEST 

N, 

MATERIAL 

PANEL 

TvpE 

LOAD 

SPECTRUM 

smax  , 4 

(Kg/mm2 ) 

N°  OF 
SPECIMENS 

. 

1 

2024-T3 

s  imple 

C . amp  1  i . 

R  =  -l  .  t  .6 

10 

2 

II 

ll 

FALSTAFF 

20.0 

6 

3 

It 

ll 

ll 

24.0 

6 

4 

tl 

it 

MINITWIST 

7.0 

6 

5 

ll 

ll 

M 

10.0 

6 

6 

II 

ll 

GAUSSIAN 

RANDOM 

to  be  def. 

6 

7 

II 

ll 

II 

ll 

6 

8 

II 

■WralWi 

C . ampl i  . 

R=  0.4 

6 

9 

II 

strip  st. 
rivet  B 

ll 

II 

6 

10 

II 

II 

FALSTAFF 

20.0 

6 

1  1 

II 

II 

II 

24.0 

6 

12 

II 

It 

MINITWIST 

7.0 

6 

13 

II 

II 

II 

10.0 

6 

14 

II 

■ 

II 

GAUSSIAN 

RANDOM 

6 

15 

II 

» 

II 

11 

6 

16 

" 

man 

FALSTAFF 

20.0 

6 

1  7 

ll 

ii 

It 

24.0 

6 

Tab. A. 2  -  Program  of  tests  for  the  third  year's  research. 


i 


END 


DATE 
FILMED 


DTIC 


